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W/mK) [5]. Vapor grown carbon nanofibers (CNFs) also reported to have superior thermal conductivity (about 1900 
W/mK) [6] and there are already some studies reporting improvement in thermal conductivity of CFRCs using CNFs via 
matrix-modification route [7, 8]. One major issue with the matrix-modification route is the increase in viscosity with the 
increase in nanofiller content which results in non-uniform dispersion and improper impregnation of fibers with matrix 
during composite processing [9].  Another issue with this approach is the possibility of filtration of nanofillers by the 
microfiber bed during the impregnation process [10-13]. Moreover, interfacial thermal resistance between the nanofiller and 
matrix is very high which results in poor through-thickness thermal conductivity of the CFRCs. 
 
A number of studies have reported modification of fiber surface either by spraying or direct growing conductive fillers 
such as CNTs and CNFs to enhance CFRCs properties including thermal conductivity [14-22]. Downs and Baker [14, 15] 
pioneered in growing nanofibers on micro-fibers to form hierarchical structures using chemical vapor deposition (CVD). 
Thostenson et al. [16] successfully synthesised CNTs via CVD on the surface of carbon fibers using pre-deposited metal 
catalyst. Recently, Bipul et al. [22] investigated spray deposited CNTs on mechanical performance of CFRCs and reported 
about 25% improvements in flexure properties with 0.3% CNTs. While most of the work focused on mechanical properties 
of CFRCs with CNTs or CNFs, a very few research reported on thermal conductivity of CFRCs with grafted CNTs or 
CNFs. Veedu et al. [23] was probably the first group to report about 50% improvement in through-thickness thermal 
conductivity of SiC composites containing grafted CNTs.  
 
In this paper, we report on thermal conductivity of CFRCs containing CNFs for both resin-modification and fiber-
modification routes. Effect of CNFs and temperature on both in-plane and through-thickness thermal conductivities of these 
two types of CFRCs were reported.  
 
2. Experimental 
2.1. Materials 
The resin used in this study is EPON862 with EPIKURE curing agent W system.  The viscosity of the uncured resin is 
about 2200 cp at room temperature and about 30 cp at 120oC.  The dry fabric used in this research was T-650/35 PAN-based 
plain weave carbon fiber. The density of the carbon fabrics is 1.77 g/cc and the thermal conductivity of carbon fabric based 
on tow is about 14 W/mK.  Vapor grown carbon nanofibers (CNFs) used in this study was Pyrograf III PR24 with diameter: 
60-150 nm; length: 30-100 m; thermal conductivity: 1950 W/mK. The nanofibers were obtained from Applied Sciences 
and used for fabricating the nanofiber-filled CFRCs.  
2.2. CNF growth on carbon fabric 
Chemical vapor deposition (CVD) was used to grow CNFs on carbon fabric.  Various amounts of nickel nitrate and 
copper nitrate salts were mixed in isopropanol and deposited on the surface of the carbon fabric by spraying the solution 
directly onto the fabrics.  The carbon fabric was then inserted into a quartz reaction tube in a three zone vertical furnace 
(Fig.1).  The catalyst was calcined in air at 300oC for 1 hour to convert from metal nitrates to oxides, and then reduced in 
pure hydrogen at 500oC for 30 minutes to de-oxidize the catalyst nanoparticles.  Ethylene was introduced into the reaction 
tube to serve as a carbon source for the CNF growth, which took place at 700oC for 30 minutes.  The reaction tube was then 
purged and the samples were cooled to room temperature in a pure nitrogen environment.  Mass of the fabric was measured 
before and after reaction to determine the percentage of growth of CNFs. Table 1 shows different amount of carbon fiber 
containing CNFs in the CFRCs. Scanning electron microscope (SEM) and transmission electron microscope (TEM) were 
also used to investigate the CNFs structure and the morphology of the growth (Fig.2). 
 
CFRCs with two different amount of CNFs growth were studied in work. The amount of CNFs was controlled by the 
weight percentage of the catalyst sprayed on the carbon fabric. The detail of the growth was shown in Table 1.   
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Table 1 Amount of CNFs growth on carbon fiber fabric 
Sample ID wt % of catalyst  wt % of CNFs 
CFF9 3 240 
CFF10 1.2 82 
110210 1 8 0.2 8.193 
101410 1 8 0.3 17.473 
102010 1 8 0.2 5.146 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Schematic for chemical vapor deposition (CVD) process for CNF growth on carbon fabric. 
                                       
 
                                                                                                (a)                                                                                     (b) 
Fig. 2. (a) SEM images carbon fiber fabric with CNF growth during CVD (b) TEM image of the CNF growth on carbon fabric. 
2.3. Carbon composites preparation 
The CFRCs were manufactured using a vacuum assisted resin transfer molding (VARTM) process incorporating a 
reference dam.  Several layers of fabrics (with and without CNF growth) are laid up on an aluminium tool plate. The fabrics 
are aligned with a reference dam to create a straight edge after curing of the composite laminate.  Vacuum pressure was 
used to impregnate dry preform with the matrix drawn into and through the layup following the path depicted in Fig. 3. The 
resin was heated up to approximately 121°C before infusion and was maintained at this temperature until the infusion was 
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